Abstract: Volumetric imaging of focusing waveguide grating coupler emission with high spatial resolution in the visible (λ = 637.3 nm) is demonstrated using a scanning near-field optical microscope with long z-axis travel range. Stacks of 2-D images recorded at fixed distance from the device are compiled to yield 3-D visualization of the light emission pattern and enable extraction of parameters, such as spot size, angle of emission, and focal height. Measurements of such parameters are not prevalent in the literature yet are necessary for efficacious design and integration. It is observed that finite-difference time-domain simulations based on fabrication layout files do not perfectly predict in-hand device behavior, underscoring the merit of experimental validation, particularly for critical application.
Introduction
Light emission and scattering from nanophotonic structures is critical for a number of emerging applications: Recently optical vortex beam emitters have been demonstrated which carry orbital angular momentum, of interest in a number of fields [1] , [2] ; interaction of light with strategically oriented dielectric nanofins resulted in compact, high numerical aperture lenses [3] ; and arrays of elliptical nanoposts have enabled transmissive metasurfaces which can control polarization and phase of light with subwavelength resolution [4] . While exciting, the expanding capabilities in light field engineering place greater demands on methods of performance analysis.
Characterization of light emitting and light scattering nanophotonic structures is often performed with a variety of surface normal optical imaging, spectroscopic, and interferometric techniques. Traditional surface normal imaging techniques are limited in dynamic range and resolution by the size and complexity of the optical measurement system and ultimately the diffraction limit of light. Here we present high dynamic range volumetric imaging of optical intensity patterns emitted from nanophotonic grating structures using scanning near-field optical microscopy (SNOM) measurements. This measurement system has advantages of nanoscale resolution, limited only by the probe aperture size, and a dynamic range of approximately 10 5 . In a typical measurement for this study, the detected signal varies in order of magnitude from about 10 −5 to 10 0 V, corresponding roughly to the range of 10 fW to 1 nW, as determined by comparing the peak detector value for a device with the peak value registered by a power meter. Furthermore, with some modification to the experimental apparatus [5] electromagnetic field, phase, and polarization could be resolved across large volumes in space in the vicinity of a nanophotonic device.
SNOM was previously shown to offer potential for characterizing focusing nanophotonic grating output [6] . Three dimensional imaging with SNOM apparatus [5] - [8] , in general, serves as an effective means of characterizing nanophotonic structures and often involves imaging of select orthogonal two-dimensional planes. In particular, SNOM was used to verify that a two dimensional Bloch-wave analysis-based local linear grating model could be used as an efficient method for predicting focusing waveguide grating coupler behavior; differences were observed between measured and predicted focal spot size and intensity profiles, but the computational cost is relatively small [6] , thusly resulting in fast simulations if the tolerances are acceptable. Here we demonstrate relatively extensive volumetric imaging of intensity patterns output from curved focusing grating couplers from the cladding surface well into the far-field regime to determine focal characteristics necessary for efficacious use and contrast them to predictions provided by three dimensional simulations. Additionally, through the relatively extensive collection of two dimensional stacks of images the presented method is suitable for imaging three-dimensionally varying optical fields which may not be adequately understood by imaging select orthogonal planes due to the presence of defects or asymmetry.
Device Design and Fabrication
Waveguide grating couplers are important elements in integrated optics, facilitating the coupling of light to and from optical fibers with comparably large mode field diameters, with the potential for very low loss [9] , [10] . Focusing waveguide grating couplers may provide this functionality with a reduced on-chip footprint [11] , broadband operation [12] , and long working-distance [13] ; enable read and write operations for optical data storage [14] ; and generally provide lensing from a conveniently planar structure [15] achievable across material classes important for integrated photonics [16] . Despite their necessity in integrated optics, detailed measurement of the intensity pattern of focusing waveguide grating couplers remains lacking due to the simultaneous requirements for high spatial resolution and large volume interrogated.
The contours of each grating tooth (see Fig. 1 ) were calculated so that diffraction from each point along the center of the tooth would constructively interfere at the focal point, P. The teeth were designed so that the difference in optical path length resulted in phase differences of integer multiples of 2π. The optical path length was the sum of the distance in the grating plus the distance from the point of diffraction to the focal point. Eq. 1 quantifies this description:
Each tooth contour relates to a different value of the integer m, x and y are coordinates in the plane of the device, θ is the overall angle of diffraction as measured from the central point, and f is the distance from grating center to the focal spot P. The central tooth was taken to have m = 0 while teeth before (after) had negative (positive) values of m. Here k is the wavenumber of the light, n c is the index of the cover material, n g is the effective grating index, and L is the length of the grating.
There is an inherent trade-off between performance and grating size. In principle, the greater the number of teeth the higher the efficiency and the tighter the achievable focal spot. The overall footprint for this grating was chosen to allow for good performance yet still be relatively compact in an attempt to accommodate the reality of ever-shrinking photonic devices. Binary grating teeth were used rather than teeth with varying etch depth due to the relative ease of manufacturing the former. The width of the teeth were set such that the grating duty cycle was 50 percent.
Devices were fabricated in Sandia's MESA foundry, a 350 nm CMOS pilot production line, on 150 mm Si wafers. The bottom cladding material was a 3 μm thermally grown oxide. The silicon nitride waveguide layer was deposited on top of the bottom cladding using a plasma enhanced chemical vapor deposition (PECVD) system at 400°C and 5 Torr chamber pressure. The gases used were 100 sccm NH 3 , 300 sccm SiH 4 and 4000 sccm N 2 . The RF plasma was driven at 890 W. The SiN x waveguide core material was measured to have propagation losses of 2.5 dB/cm using a prism coupling technique at 688 nm. The top cladding is a high density plasma (HDP) oxide. The HDP oxide was deposited at 400°C using 200 sccm O 2 , 100 sccm SiH 4 and 100 sccm Ar. Chamber pressure was controlled to 7 Torr while the 13.56 MHz RF plasma used a top power of 1700 W and bias power of 2000 W. The HDP oxide films use higher temperatures (400 -750°C) in conjunction with a higher plasma power (1700 − 2100 W) to create a very dense near thermal oxide quality film, thereby improving optical quality.
Simulation and Measurement

Simulation
Finite difference time domain (FDTD) software (FDTD Solutions, Lumerical) was used to model the gratings three-dimensionally. The GDSII layout for the device under investigation was imported directly into the software and extruded to the specified fabrication thickness, 250 nm. The grating (SiN) was encapsulated in cladding (SiO 2 ) which extended 1 μm above. In all other directions, the cladding extended until terminated by a perfectly matched layer simulation boundary. The source was chosen to match experiment (i.e., a "mode-source," with λ = 637.3 nm). The injected mode was transverse electric as determined by the geometry of the waveguide leading to the focusing coupler.
Experimental Setup
A commercially available tuning-fork-based scanning probe microscopy (SPM) system (SPM-M, Mad City Labs) was used with modification to allow the probe to scan in three dimensions while the sample and illuminating optics remain fixed for stable coupling of the source to the device (see Fig. 2 ). Namely, the Z axis stage was mounted to the X and Y stages (packaged as a single unit) using a custom fabricated mount. The procedure was performed in conjunction with monitoring of the X and Y stage sensors to ensure oscillations were not induced and the measured noise did not exceed the manufacturer specification for resolution-approximately 3 nm for a 200 μm scan range and 16-bit digitization. The piezo stages are flexure-based and contain piezoresistive internal position sensors to alleviate scan nonlinearity concerns which may arise for large scan ranges in other piezo scanner implementations.
Commercially available aperture fibers (MF003, K-Tek Nanotechnology) were mounted to quartz tuning forks after alignment via micromanipulators under 10x magnification. A thin layer of cyanoacrylate was deposited on the tuning fork before lowering the fiber into contact to ensure the metal cladding of the fiber did not electrically short electrodes on the tuning fork. A thin layer of cyanoacrylate was then deposited on top of the fiber to improve mechanical stability. The aperture fibers are formed by wet etching one end of a single mode optical fiber to a point, coating it with 70 nm Al on a 20 nm adhesion layer, and milling a ∼100 nm hole at the tip with a focused ion beam. The probe, comprised of the aperture fiber-affixed tuning fork, typically has a Q factor of at least 1000 which is sufficient to enable frequency-based shear force feedback of the self-oscillating probe via the input/output (I/O) connection of the controller. The fiber protrudes beyond the end of the tuning fork a distance sufficient to guarantee the tuning fork and surface do not interact directly but short enough that the cantilevered proportion of the fiber does not introduce an additional resonance near that of the tuning fork [17] . The other end of the aperture fiber was cleaved and spliced to a connectorized FC/APC fiber which attached to a photomultiplier tube (PMT) with voltage output. The PMT output is routed to an auxiliary input (I) of the SPM control electronics such that the light detected by the PMT is position-correlated. Topography and light images are generated simultaneously during a scan (when force feedback is enabled); however, the thick cladding encapsulation of the devices studied results in a featureless topographical map. It is used to ensure sample slope is marginal.
A fiber-coupled red laser diode operating at a wavelength of 637.3 nm was used as an illumination source. The fiber was butt-coupled to the sample chip containing the focusing waveguide grating couplers using a micromanipulator with X, Y, and Z controls. A sample stage (not pictured) with pitch and roll adjustment was used to manually reduce discrepancy between the plane of the sample surface and the scan plane of the probe. While surface scans are unaffected due to shear-force feedback, this allows scans well above the surface (beyond the range of force feedback) to be performed without the need for data correction or offsetting Z(X, Y) at each scan point. Additionally, the full setup was shielded from the environment with a homemade enclosure, found necessary to reduce scan errors resulting from thermal and/or pressure gradients. A common concern in SPM measurements is the time required to obtain an image. This issue is exacerbated by the need to collect several planar images to glean a volumetric representation with the approach shown here. However, we note that for the data sampling shown below (50 nm × 100 nm × N), where N is the number of Z = constant planes (N = 9 for Fig. 3 and N = 11 for Fig. 4) , the data sets were collected within 30 minutes, which is a timescale similar to advanced SPM-based techniques such as nanoscale spectroscopy [18] , [19] . Fig. 3(a) shows maps (PMT output voltage) collected for a device over a Z range relatively near (see below) the surface. Each panel is plotted in full scale to show fine detail.
Results
A number of observations can be made about Fig. 3(a) : We regularly resolve interesting subwavelength features present in the evolution of the intensity profile as the light propagates away from the grating which may be of interest for hotspot engineering without the resistive loss present in plasmonic devices [18] , [19] . For example, the Z = 0 μm scan for this device exhibits three lobes with a full-width at half-maximum (FWHM) of approximately 350 nm at the far right; interference fringes are observed to change from concave to convex as viewed from Z = 1 μm and Z = 2 μm, respectively. The images strongly resemble |E| 2 calculations from the FDTD simulation (see Fig. 3(b) ), but discrepancy in angle of propagation and fine detail exists. Nonetheless, these results suggest we have appropriate resolution in all three axes to proceed with device characterization. Note, the Z = 0 μm image represents a scan at the surface recorded with shear force feedback enabled and the probe therefore tracks the surface within a few tens of nanometers without abrasion; the grating is buried at Z = −1 μm. Scans depicted for Z > 0 μm are recorded without feedback. Also, it is worth noting that SNOM performed with symmetric aperture probes has recently been shown to exhibit similar sensitivity to electric and magnetic components of the light field [5] , [20] and that certain commercial probes [21] (not used here) may exhibit field component selectivity. Simulation of our gratings suggests the E y component of the field is at least two orders of magnitude stronger than any other however, thus this component is expected to dominate our measured signal. Fig. 4(a) depicts scans of another grating, again plotted in full scale, over a wider height range encompassing the focal plane.
Again FDTD calculations for |E| 2 (see Fig. 4(b) ) strongly resemble experiment. From the images, it is seen that the beam converges and diverges weakly near focus and is elliptical, narrower in X than Y. It is common practice to characterize the spot size of a focusing waveguide grating coupler according to its FWHM, which we plot in Fig. 5(a) for the minor axis of the spot. This alone suggests the focal spot occurs nearest Z = 18 μm with a minor axis FWHM of 1.24 μm. Closer inspection, via line profiles taken through the center of the spot (see Fig. 5(b) ), however shows peak intensity does not occur at Z = 18 μm; it is higher at Z = 15 − 17 μm. Plotting the FWHM of the major axis (not pictured) shows that it monotonically diverges, i.e., diffracts. We then consider the focal spot to occur at the height in which the product of the major and minor axes is minimum. For this device Z = 16 μm at the focal point.
An additional parameter important for design of grating couplers is angle of emission. We determine this from the slope of the linear fit of peak intensity (per scan plane) as a function of lateral position and height, Fig. 5(c) , for scans clearly exhibiting a single dominant peak. Here θ = 79
• . Fig. 5(d) presents the 3D reconstruction of device emission with common scale and transparency inversely proportional to signal strength.
Conclusion
We have shown that volumetric imaging with a nanoscopic scanning aperture is a useful method for characterizing nanophotonic devices. Here we demonstrate characterization of focusing waveguide grating couplers, providing access to information not typically reported such as focal spot size, focal location, and angle of emission, parameters important for rigorous design and application. The method provides high spatial resolution imaging of three dimensional light fields and is compatible with techniques used to discern amplitude, phase, and polarization of light. Additionally, we observe interesting hotspots and features below focus which may be of interest to those in other fields (e.g., optical manipulation or localized spectroscopy). Ultimately, the results obtained suggest volumetric SNOM will be a valuable tool in characterizing and visualizing nanophotonic structures and engineered light fields.
